Long noncoding RNAs (lncRNAs) are a large family of noncoding RNAs that play a critical role in various normal bioprocesses as well as tumorigenesis. However, the expression patterns and biological functions of lncRNAs in acute leukemia have not been well studied. Here, we performed transcriptome-wide lncRNA expression profiling of acute myeloid leukemia (AML) patient samples, along with non-leukemia control hematopoietic samples. We found that lncRNAs were differentially expressed in AML samples relative to control samples. Notably, we identified that lncRNAs upregulated in AML (relative to the control samples) are associated with a lower degree of DNA methylation and a higher ratio of being bound by transcription factors such as SP1, STAT4, ATF-2 and ELK-1 compared with those downregulated in AML. Moreover, an enrichment of H3K4me3 and a depletion of H3K27me3 were observed in upregulated lncRNAs in AML. Expression patterns of three types of lncRNAs (antisense, enhancer and intergenic lncRNAs) have previously been characterized. Of the identified lncRNAs, we found that high expression level lncRNA LOC285758 is associated with the poor prognosis in AML patients. Furthermore, we found that LOC285758 regulates proliferation of AML cell lines by enhancing the expression of HDAC2, a key factor in carcinogenesis. Collectively, our study depicts a landscape of important lncRNAs in AML and provides novel potential therapeutic targets and prognostic markers for AML treatment.
Introduction
Acute myeloid leukemia (AML) is the second most common type of leukemia in adults and children. In total, 60-80% of AMLs are associated with a chromosome translocation in somatic cells [1] . Prognosis of adult AML is dismal, and ongoing research in the field is focused on identifying new targets for treatment of AML. Previous studies have mostly focused on messenger RNA (mRNA) and microRNA and the interactions between them in the regulation of AML [2] [3] [4] . The long noncoding RNAs (lncRNAs) are a group of RNAs >200bp, which have been increasingly discovered by high-throughput assays. Thousands of lncRNAs have been identified in various human tissues [5] . The function of the majority of these long noncoding transcripts is still not clear. The role of disease-and development-related lncRNAs has been established in variant pathological and physiological processes [6] [7] [8] . In certain types of leukemia, such as childhood MLLrearranged acute lymphoblastic leukemia, lncRNAs have been systematically identified and correlated with several target protein-coding genes [9] . In acute megakaryoblastic leukemia, two lncRNAs were detected as regulators of erythro-megakaryocytic development and contributors to the maintenance of leukemic growth [10] . One intergenic lncRNA, HOTAIRM1, was shown to regulate cell proliferation in acute promyelocytic leukemia [11] . There are also a few lncRNAs implicated in the pathogenesis of AML. LncRNA CCDC26 has been abnormally amplified in childhood AML and regulates KIT expression, which can control the growth of AML cells [12] . Also, methylation of lncRNA MEG3 has been shown to confer an overall worse prognosis for AML patients [13] . Furthermore, it was demonstrated that intragenic lncRNAs, IRAIN and RUNXOR, interact with chromatin DNA and are involved in the formation of the chromatin loop, which has been detected in AML cells [14, 15] . Despite the discovery of all the potential functions of lncRNAs in AML samples, there has been a lack of global exploration of lncRNA-mRNA networks and understanding of the mechanism of coordination of lncRNAs and epigenetic modification in pathogenesis of AML. Garzon et al. [16] identified several lncRNAs and established their correlation with the prognosis of cytogenetically normal AML. As the lncRNA may be correlated with chromatin modification and possible interaction with other elements in the genome, it is necessary to perform a systematic study to inspect the global pattern of lncRNA regulation in AML.
Through a comprehensive analysis on our in-house patient samples, we detected the expression of whole transcriptome in cytogenetically abnormal AML patients. We integrated bioinformatic and experimental methods to reveal the network of long noncoding transcripts and the role of transcriptome changes in leukemogenesis. Our results of histone modification and the DNA methylation within the promoter regions of AML-related lncRNAs conclusively revealed the interactions between lncRNAs and epigenetic modifications. Moreover, we examined the transcription factors binding within the lncRNA regions and showed the lncRNAs LOC285758 targeted HDAC2, which can inhibit the cell proliferation of AML cell lines. Our results suggested that the lncRNAs are a good repository to further research the mechanism of pathogenesis of AML.
Materials and methods

Patient samples
Bone marrow samples from six AML patients, and two non-leukemia controls were collected from Zhongnan Hospital, Wuhan University. The six AML patients had different morphologic types: AML-1: unknown; AML-2: m1/m4; AML-3: m1; AML-4: m2; AML-5: m2; and AML-6: m4. The study was approved by the institutional review board and consents were obtained. The mononuclear cell layer of bone marrow was extracted by FicollUrografin solution (Sigma, USA) for RNA extraction.
Cell lines and culture condition
Human acute myelocytic leukemia cell line KG-1a and acute monoeytic leukemia cell line THP-1 were purchased from American Type Cell Culture (Manassas, VA, USA). All cells were grown in RPMI (Roswell Park Memorial Institute) 1640 medium supplemented with 10% fetal bovine serum under the conditions of 5% CO2 in incubator at 37 C.
Quantitative real-time polymerase chain reaction analysis
Total RNA was extracted from the patient samples and cell lines with the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions, and stored at À80 C. In total, 1 ug RNA was reverse transcribed to complementary DNA (cDNA) using RevertAid TM First Strand cDNA Synthesis Kit (Fermentas).
Quantitaive polymerase chain reaction (qPCR) was performed on iQ5 real-time PCR detection system (Bio-Rad, USA) using SYBR Green Realtime PCR Master Mix (TOYOBO, Japan). All primers used in this study are listed in Supplementary Table S1 .
RNA transfection
Transfection of small interfering RNAs (siRNAs) into cells (THP-1, KG-1a) was performed using the PepMute siRNA transfection reagent (SignaGen) according to the manufacturer's instructions. The siRNAs for LOC285758 were purchased from RIBOBIO (Guangzhou, China). si-HDAC2 was purchased from GenePharma (Shanghai, China). The Stealth RNAi siRNA sequences were as follows: si-LOC285758: 5'-GCCTATTGACCAACATGTT-3'; si-HDAC2: 5'-GGAUUACAUCAUGCU AAGATT-3'; and si-Control: 5'-UUCUCCGAACGUGUCACGUTT-3'.
Cell proliferation CCK-8 assays 
Statistical analysis
Quantitative data were expressed as means 6 SD for at least three independent experiments. Statistical significance was determined by Student's t-test. A P-value <0.05 was considered significant (*P < 0.05,**P < 0.01, ***P < 0.001. Statistical test for distribution of histone modification and CpG methylation level were performed by WinSTAT. We downloaded the latest clinical data from The Cancer Genome Atlas (TCGA) official Web site (https://tcga-data.nci.nih.gov). We used log rank test to access whether the lncRNA expression is associated with the overall survival. We further used multivariate Cox model to determine whether the prognostic impact of expression profile of LOC285758 is dependent or independent from other clinical factors such as age, white blood count, cytogenetic and molecular abnormalities.
LncRNA microarray profiling
Arraystar Human LncRNA Microarray V3.0 is designed for the global profiling of human lncRNAs and protein-coding transcripts, which can detect 30 586 lncRNAs and 26 109 coding transcripts. Quantile normalization was performed using the GeneSpring GX v12.1 software package, and differentially expressed lncRNAs and mRNAs were identified with statistical significance [fold change >2.0, P-value <0.05, false discovery rate (FDR) < 0.05]. All array data were uploaded to NCBI GEO database as GSE85030.
ChIP-seq data analysis
ChIP-seq data for targeting H3K4me3 and H3K27me3 in AML patient samples were downloaded from the GEO database (GSE54580). Reads were mapped to hg19 using Bowtie [17] , and peaks in differentially expressed lncRNA promoters (62 kb to transcription start site (TSS)) were called by MACS [18] , and the heatmaps were generated by deepTools [19] .
Pathway analysis
Neighboring coding genes [20] were analyzed based on their relative genomic locations to the differentially expressed lncRNAs for GO biological processes by DAVID Bioinformatics Resources v6.7 [21] .
Bisulfite sequencing analysis
Reduced representation bisulfite sequencing (RRBS) data in AML patients and normal bone marrow samples were downloaded from GEO databases (GSE37454). RRBS data analysis was performed with Bismark [22] . Reads were aligned to human genome (hg19) with 2 bp mismatch in a directional manner for calling CpG methylation score in the differentially expressed lncRNA and mRNA promoters (62 kb to TSS). Heatmaps were plotted by deepTools [19] .
Transcription factor binding analysis
Transcription factor binding analysis was performed with bedtools [23] , which mapped human 81 conserved transcription factor binding sites (TFBSs) collected from UCSC Genome Browser (http://genome.ucsc.edu) to differentially expressed lncRNA promoters (À2 kb to TSS).
Results
LncRNAs are differentially expressed between AML and control samples
Using ArrayStar lncRNA Array v3.0 platform, we acquired expression of lncRNAs and mRNAs in six AML patients and two non-leukemia controls (NC-1 and NC-2). A total of 9134 lncRNAs and 13 542 mRNAs were detected in at least six of the eight samples. Principle component analysis (PCA) established clustering of different subtypes based on lncRNA expression profiles: two non-leukemia controls and six AML patients were clustered separately; AML-1, 5, 6 were clustered together, and AML-2, 3, 4 were clustered together, according to the subtypes of AML ( Figure 1A) . Similarly, mRNA profile can also distinguish the eight samples (Supplementary Figure S1A) . After performing an unpaired t-test on lncRNA profile, we discovered 2616 differentially expressed lncRNAs between AML and NC samples [fold change >2 and Benjamin-Hochberg adjusted P value (FDR) < 0.05]. Among these, 1657 lncRNAs were upregulated and 959 lncRNAs were downregulated in AML as compared with NC samples (Supplementary Table S2 , Figure 1B) . Similarly, we observed 3518 differentially expressed mRNAs between AML and NC [fold change >2 and Benjamin-Hochberg adjusted P value (FDR) < 0.05], of which 2013 mRNAs were upregulated and 1505 mRNAs were downregulated in AML (Supplementary Table S3 and Figure S1B ). We deposited all lncRNA data into database lncAMLdb (http://gb.whu.edu.cn/lncAMLdb).
With the DAVID Web tool, we performed pathway enrichment analysis for upregulated and downregulated lncRNAs in AML based on their neighboring coding genes. Based on biological processes, the 1657 upregulated lncRNAs were mainly enriched in protein localization, transport and cell cycle (P < 0.01) ( Figure 1C) . Also, the 959 downregulated lncRNAs were mainly enriched in cell apoptosis and migration (P < 0.01) ( Figure 1D ).
Differentially expressed lncRNAs are associated with DNA methylation and transcription factor binding in the promoter regions in AML With publicly available data sets from GEO, we further examined the DNA methylation levels of the differentially expressed lncRNAs in AML patients. We set a 4 kb window (62 kb) surrounding the TSS region of lncRNAs and observed the changes in DNA methylation in lncRNA promoters. In all three samples we checked, DNA methylation level in the TSS region of the upregulated lncRNAs was lower (CpG methylation score <30) than that of downregulated lncRNAs (CpG methylation score >30) (Figure 2A ). Wilcoxon test indicated that the CpG methylation levels in TSS regions were significantly different between upregulated and downregulated lncRNAs (Supplementary Figure S2) , revealing a correlation between differentially expressed lncRNAs and DNA methylation.
To explore whether transcription factor binding is involved in the variation of expression of the lncRNAs, we downloaded 81 TFBSs from the UCSC genome browser (http://genome.ucsc.edu) and examined the distribution of TFBS in our differentially expressed lncRNAs. To better compare the TFBS variance in lncRNA promoters, we selected the region from À2 kb to TSS of lncRNAs and inspected the distribution of TFBS. Our results revealed different transcription factor binding events in upregulated and downregulated lncRNAs in AML. For example, sp1 has the highest binding ratio in upregulated lncRNAs (4.57%) in all binding transcription factors, while AREB6 has the highest binding ratio in downregulated lncRNAs (3.28%). STAT4, ATF-2 and Elk-1 have more than two times binding ratio in upregulated (0.42, 0.7 and 3.1%) than in downregulated lncRNAs (0.17, 0.29 and 1.42%), while Chx10 has more than two times binding ratio in downregulated (1.22%) than in upregulated lncRNAs (0.46%) P-values were calculated by DAVID Web server.
(Supplementary Table S4; Figure 2B ). These results indicated that transcription factor binding is also involved in lncRNA regulation in AML.
Differentially expressed lncRNA are associated with histone modifications in AML Previous studies revealed that lncRNA might be involved in histone modification in cancer and developmental processes [9, 15, 24] . Particularly, previously studies revealed that h3k4me3 and H3k27me3 may define the promoter activities in genome [25, 26] . To further test the potential interaction between epigenetic changes in AML with lncRNAs, we collected ChIP-Seq data of H3k4me3 and H3k27me3 in five AML patients from the GEO database and inspected the global distribution of those two modifications in the 4 kb window surrounding the lncRNA TSS region. We observed that the distribution of H3k4me3 and H3k27me3 establishes differences between upregulated and downregulated lncRNAs. In the TSS region of upregulated lncRNAs, H3k4me3 has more abundance than in downregulated lncRNAs ( Figure 3A) . In contrast, H3k27me3 has greater distribution in the TSS region of downregulated lncRNAs than in the upregulated group ( Figure 3C ). To quantify the difference, we performed a statistical test (Mann-Whitney U-test) for the distribution of histone modification coverage (tags/peak length) between upregulated and downregulated lncRNAs. We found the two types of histone modifications, and both showed significant differences between two groups of lncRNAs. The distribution of H3k4me3 is significantly higher in upregulated lncRNAs (P ¼ 5.84e-14, 0.014, 0.0055, 4.13e-05 and 0.0001 in five samples, Figure 3B ), and H3k27me3 is significantly higher in the downregulated lncRNAs (P ¼ 0.0, 0.01, 1.53e-14, 6.38e-05 and 4.39e-08, Figure 3D ). These results are consistent with previous studies in cells [24] , and further confirmed that differentially expressed lncRNAs in AML are also correlated with histone modifications.
LncRNA interact with AML coding genes in different patterns
lncRNAs might affect the coding gene expression through genomic position effect [27] . LncRNAs can be classified as three types based on their positions with the coding genes: antisense lncRNA (lncRNA located in antisense strand of coding gene) [28, 29] , enhancer lncRNA (lncRNA located in enhancer region of coding gene) [25, 30] and lincRNA (intergenic lncRNA) [31] . To explore whether these three types of lncRNAs are involved in AML coding genes, we separated the differentially expressed lncRNAs into three groups. We identified 120 antisense lncRNAs, which are differentially expressed between AML and NC, including 94 (78.3%) upregulated and 26 (21.7%) downregulated. Corresponding to 94 upregulated antisense lncRNAs, 70 sense genes were upregulated and 18 were downregulated in AML. Similarly, corresponding to 26 downregulated antisense lncRNAs, 14 sense genes were upregulated and 13 were downregulated in AML (Supplementary Table S5 ; Figure 4A ). These results indicated that antisense lncRNAs are correlated with their host genes in both positive and negative ways.
Using the enhancer lncRNAs repository identified by previous work [30] , we detected that 96 enhancer lncRNAs have different expression between AML and NC, including 55 (57.3%) upregulated lncRNAs and 41 (42.7%) downregulated lncRNAs. Among them, 51 upregulated and 37 downregulated coding genes corresponded to the 55 upregulated lncRNAs. In total, 36 upregulated and 30 downregulated coding genes corresponded to the 41 downregulated lncRNAs (Supplementary Table S6 ; Figure 4B ).
We identified 194 differentially expressed lincRNAs based on lincRNA annotations from previous research [31] . Among them, 79 (40.7%) were upregulated and 115 (59.3%) were downregulated in AML. The genomic neighboring coding genes were used as potential target genes of these lincRNAs. Corresponding to 79 upregulated lincRNAs, 104 coding genes were also upregulated and 59 were downregulated in AML. Corresponding to 115 downregulated lincRNAs, 100 coding genes were upregulated and 117 were downregulated in AML (Supplementary Table S7 ; Figure 4C ). Pearson correlation analysis revealed expression of these three types of lncRNA were significantly correlated with above corresponding differentially expressed coding genes. Among that, antisense lncRNAs were more positively than negatively correlated with neighboring coding genes (Supplementary Figure S3) . Pathway analysis of those three groups of lncRNAs indicated different biological process enrichment (Supplementary Figure S4) .
For further function analysis, we performed real-time PCR for four differentially expressed lncRNAs, which were randomly selected: antisense lncRNA SPTY2D1-AS1, enhancer lncRNA LOC285758, lincRNA AC005562.2 and RP11-363G2.4, in AML and NC samples ( Figure 4D) . Consistent with the array data, qPCR analysis showed that they were significantly upregulated in AML ( Figure 4E ).
LncRNA might affect AML cell proliferation by regulating the expression of HDAC2 Among these lncRNAs, enhancer lncRNA LOC285758 showed the significant association with the poor overall survival based on 197 AML samples from TCGA (https://tcga-data.nci.nih.gov) (Log rank test P ¼ 0.023; Figure 6A ). To further consider other clinical factors such as age, white blood count, cytogenetic and molecular abnormalities, we built a univariate Cox model for all these clinical factors, and observed that age (P ¼ 2.9 Â 10 À 4 ) and white blood count (P ¼ 0.018) are significantly associated with the overall survival (OS), while cytogenetic and molecular abnormalities are marginally associated with OS (P ¼ 0.058). We then built a multivariate Cox model to include these clinical factors, and observed that the expression level of LOC285758 is no longer associated with OS (P ¼ 0.287), suggesting that the expression level of LOC285758 is dependent from other clinical factors. To further explore how LOC285758 exerts functions in AML development, we performed function analysis of LOC285758 in AML cell lines. LOC285758 located in $60 kb upstream of HDAC2 (histone deacetylase2). Inhibition of HDAC2 could increase cell apoptosis and inhibit cell proliferation [32] . We hypothesized that LOC285758 might function as an enhancer for HDAC2 and regulated the expression of HDAC2. We observed that HDAC2 is significantly increased in AML samples, which is consistent with LOC285758. We designed siRNA against HDAC2 and expressed HDAC2 specific-siRNA in two AML cell lines including KG-1a and THP-1. We observed that the proliferation of both cell lines was inhibited after knockdown of HDAC2 ( Figure 5A and B) . Next, we determined whether LOC285758 has a similar function as HDAC1 does, we knocked down expression of LOC285758 by siRNA in KG-1a and THP-1. Our results showed that the proliferation of those two cell lines were inhibited after knockdown of LOC285758 ( Figure 5C and D) . We further showed that inhibition of LOC285758 leads to downregulation of HDAC2 ( Figure  6B -E), suggested that inhibition of cell proliferation of AML cell lines by LOC285758 is mediated by HDAC2 in AML cells. Interestingly, knockdown of HDAC2 could also inhibit the expression of LOC285758 (Supplementary Figure S5A and B) , suggested the interactions between LOC285758 and HDAC2.
Conclusion
With lncRNA array, we identified thousands of differentially expressed lncRNAs in AML compared with control samples, which may involve in AML pathology and physiology. We performed the pathway enrichment analysis to understand the potential biological processes of AML. Our results showed that lncRNAs are regulated by cis-or trans-factors such as DNA methylation or transcription factors, which is similar to coding genes [33, 34] . Interestingly, the distributions of TFBSs were different between upregulated and downregulated lncRNAs. We also indicated that lncRNAs are involved in regulation of promoter activities, which are represented by H3k4me3 and H3k27me3. Despite the fact that we obtain the DNA methylation and histone modification data from different AML samples, our integrative analysis showed that these lncRNAs could interact with their host or neighboring coding genes.
Importantly, we identified an enhancer lncRNA LOC285758, which may play a key role in the pathogenesis of AML. Analysis of TCGA AML data sets showed that high expression level of LOC285758 is associated with poor prognosis in AML patients, suggesting that LOC285758 is a potential prognostic marker. Furthermore, we analyzed the function and expression regulation of lncRNA LOC285758 and its neighboring coding gene HDAC2, suggesting that LOC285758 might play an important role in AML by regulating HDAC2 expression.
Key Points
• We provided a novel repository of potential functional lncRNAs for AML research.
• We found the expression pattern of lncRNAs was associated with DNA methylation and transcription factor binding in AML.
• We revealed the potential regulation of lncRNAs with histone modifications in AML.
• We revealed three potential interactions between lncRNAs and coding genes in AML.
• We verified the function and potential regulation between lncRNA and HDAC2 in AML cell lines.
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